Introduction {#Sec1}
============

In the Standard Model (SM), the unobserved $\documentclass[12pt]{minimal}
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                \begin{document}$${{K} ^0_{\mathrm { \scriptscriptstyle S}}} \rightarrow \mu ^+\mu ^-$$\end{document}$ decay proceeds only through a Flavour-Changing Neutral Current (FCNC) transition, which cannot occur at tree level. It is further suppressed by the small amount of $\documentclass[12pt]{minimal}
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                \begin{document}$$C\!P$$\end{document}$ violation in kaon decays, since the S-wave component of the decay is forbidden when $\documentclass[12pt]{minimal}
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                \begin{document}$$C\!P$$\end{document}$ is conserved. In the SM, the decay amplitude is expected to be dominated by long distance contributions, which can be constrained using the observed decays $\documentclass[12pt]{minimal}
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                \begin{document}$${{K} ^0_{\mathrm { \scriptscriptstyle S}}} \!\rightarrow \gamma \gamma $$\end{document}$ and $\documentclass[12pt]{minimal}
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                \begin{document}$${{K} ^0_{\mathrm { \scriptscriptstyle L}}} \!\rightarrow {{\pi } ^0} \gamma \gamma $$\end{document}$, leading to the prediction for the branching fraction $\documentclass[12pt]{minimal}
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                \begin{document}$$\mathcal{B}({{K} ^0_{\mathrm { \scriptscriptstyle S}}} \rightarrow \mu ^+\mu ^-) = (5.0 \pm 1.5) \times 10^{-12}$$\end{document}$ \[[@CR1], [@CR2]\]. The predicted branching fraction for the $\documentclass[12pt]{minimal}
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                \begin{document}$${K} ^0_{\mathrm { \scriptscriptstyle L}}$$\end{document}$ decay is $\documentclass[12pt]{minimal}
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                \begin{document}$$(6.85 \pm 0.32) \times 10^{-9}$$\end{document}$ \[[@CR3]\], in excellent agreement with the experimental world average $\documentclass[12pt]{minimal}
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                \begin{document}$${\mathcal {B}} ({{K} ^0_{\mathrm { \scriptscriptstyle L}}} \!\rightarrow {\mu ^+\mu ^-} ) = (6.84 \pm 0.11) \times 10^{-9}$$\end{document}$ \[[@CR4]\]. The prediction for $\documentclass[12pt]{minimal}
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                \begin{document}$${{K} ^0_{\mathrm { \scriptscriptstyle S}}} \rightarrow \mu ^+\mu ^-$$\end{document}$ is currently being updated with a dispersive treatment, which leads to sizeable corrections in other $\documentclass[12pt]{minimal}
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                \begin{document}$${K} ^0_{\mathrm { \scriptscriptstyle S}}$$\end{document}$ leptonic decays \[[@CR5]\].

Due to its suppression in the SM, the $\documentclass[12pt]{minimal}
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                \begin{document}$${{K} ^0_{\mathrm { \scriptscriptstyle S}}} \rightarrow \mu ^+\mu ^-$$\end{document}$ decay is sensitive to possible contributions from dynamics beyond the SM, notably from light scalars with $\documentclass[12pt]{minimal}
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                \begin{document}$$C\!P$$\end{document}$-violating Yukawa couplings \[[@CR1]\]. Contributions up to one order of magnitude above the SM branching fraction expectation naturally arise in many models and are compatible with the present bounds from other FCNC processes. An upper limit on $\documentclass[12pt]{minimal}
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                \begin{document}$$\mathcal{B}({{K} ^0_{\mathrm { \scriptscriptstyle S}}} \rightarrow \mu ^+\mu ^-)$$\end{document}$ close to $\documentclass[12pt]{minimal}
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                \begin{document}$$10^{-11}$$\end{document}$ could be translated into model-independent bounds on the $\documentclass[12pt]{minimal}
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                \begin{document}$$C\!P$$\end{document}$-violating phase of the $\documentclass[12pt]{minimal}
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                \begin{document}$$s\!\rightarrow d{\ell ^+} {\ell ^-} $$\end{document}$ amplitude \[[@CR2]\]. This would be very useful to discriminate between scenarios beyond the SM if other modes, such as $\documentclass[12pt]{minimal}
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                \begin{document}$${{K} ^+} \!\rightarrow {{\pi } ^+} {\nu } {\overline{\nu }} $$\end{document}$, indicate a non-SM enhancement.
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                \begin{document}$${\mathcal {B}} ({{K} ^0_{\mathrm { \scriptscriptstyle S}}} \rightarrow \mu ^+\mu ^-) < 9 \times 10^{-9}$$\end{document}$ at $\documentclass[12pt]{minimal}
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                \begin{document}$$90\%$$\end{document}$ confidence level (CL), was obtained using *pp* collision data corresponding to $\documentclass[12pt]{minimal}
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                \begin{document}$$1.0\,\text{ fb }^{-1} $$\end{document}$ of integrated luminosity at a centre-of-mass energy $\documentclass[12pt]{minimal}
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                \begin{document}$$\sqrt{s}=7~{\mathrm {\,TeV}} $$\end{document}$, collected with the LHCb detector in 2011 \[[@CR6]\]. This result improved the previous upper limit \[[@CR7]\] but is still three orders of magnitude above the predicted SM level.

In this paper, an update of the search for the $\documentclass[12pt]{minimal}
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                \begin{document}$${{K} ^0_{\mathrm { \scriptscriptstyle S}}} \rightarrow \mu ^+\mu ^-$$\end{document}$ decay is reported. Its branching fraction is measured using the known $\documentclass[12pt]{minimal}
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                \begin{document}$${{K} ^0_{\mathrm { \scriptscriptstyle S}}} \rightarrow \pi ^+\pi ^-$$\end{document}$ decay as normalisation. The analysis is performed on a data sample corresponding to $\documentclass[12pt]{minimal}
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                \begin{document}$$2\,\text{ fb }^{-1} $$\end{document}$ of integrated luminosity at $\documentclass[12pt]{minimal}
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                \begin{document}$$\sqrt{s}=8~{\mathrm {\,TeV}} $$\end{document}$, collected in 2012, and the result is combined with that from the previous LHCb analysis \[[@CR6]\]. Besides the gain in statistical precision due to the larger data sample, the sensitivity is noticeably increased with respect to the previous result due to a higher trigger efficiency, as well as other improvements to the analysis that are discussed in the following sections.
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                \begin{document}$${{K} ^0_{\mathrm { \scriptscriptstyle S}}} \rightarrow \mu ^+\mu ^-$$\end{document}$ decays are detected and triggered in LHCb is given in Sect. [2](#Sec2){ref-type="sec"}, while the strategy for this measurement is outlined in Sect. [3](#Sec3){ref-type="sec"}. Details of background suppression and the resulting sensitivity are given in Sects. [4](#Sec4){ref-type="sec"} and [5](#Sec5){ref-type="sec"}, respectively. The final result, taking into account the systematic uncertainties discussed in Sect. [6](#Sec6){ref-type="sec"}, is given in Sect. [7](#Sec7){ref-type="sec"}.
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                \begin{document}$${K} ^0_{\mathrm { \scriptscriptstyle S}}$$\end{document}$ decays in LHCb {#Sec2}
==========================================================================================================

The LHCb detector \[[@CR8], [@CR9]\] is a single-arm forward spectrometer covering the pseudorapidity range $\documentclass[12pt]{minimal}
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                \begin{document}$$2<\eta <5$$\end{document}$, designed for the study of particles containing $\documentclass[12pt]{minimal}
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                \begin{document}$$c $$\end{document}$ quarks. The detector includes a high-precision tracking system consisting of a silicon-strip vertex locator (VELO) surrounding the *pp* interaction region, a large-area silicon-strip detector located upstream of a dipole magnet with a bending power of about $\documentclass[12pt]{minimal}
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                \begin{document}$$4{\mathrm {\,Tm}}$$\end{document}$, and three stations of silicon-strip detectors and straw drift tubes placed downstream of the magnet. The tracking system provides a measurement of momentum, $\documentclass[12pt]{minimal}
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                \begin{document}$$p$$\end{document}$, of charged particles with a relative uncertainty that varies from $\documentclass[12pt]{minimal}
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                \begin{document}$$0.5\%$$\end{document}$ at low momentum to $\documentclass[12pt]{minimal}
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                \begin{document}$$200\,{\mathrm {\,GeV\!/}c} $$\end{document}$. The minimum distance of a track to a primary vertex (PV), the impact parameter (IP), is measured with a resolution of $\documentclass[12pt]{minimal}
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                \begin{document}$$(15+29/p_{\mathrm { T}})\,{\,\upmu \mathrm {m}} $$\end{document}$, where $\documentclass[12pt]{minimal}
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                \begin{document}$$p_{\mathrm { T}}$$\end{document}$ is the component of the momentum transverse to the beam, in $\documentclass[12pt]{minimal}
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                \begin{document}$${\mathrm {\,GeV\!/}c}$$\end{document}$. Different types of charged hadrons are distinguished using information from two ring-imaging Cherenkov detectors  (RICH). Photons, electrons and hadrons are identified by a calorimeter system consisting of scintillating-pad and preshower detectors, an electromagnetic calorimeter and a hadronic calorimeter. Muons are identified by five stations which alternate layers of iron and multiwire proportional chambers.

The online event selection is performed by the trigger \[[@CR10]\], which consists of a hardware stage, based on information from the calorimeter and muon systems, followed by a two-step software stage, which applies a full event reconstruction. Candidates are subsequently classified as TOS, if the event is triggered on the signal candidate, or TIS, if triggered by other activities in the detector, independently of signal. Only candidates that are classified as TOS at each trigger stage are used to search for $\documentclass[12pt]{minimal}
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                \begin{document}$${{K} ^0_{\mathrm { \scriptscriptstyle S}}} \rightarrow \mu ^+\mu ^-$$\end{document}$ decays.

The trigger selection constitutes the main limitation to the efficiency for detecting $\documentclass[12pt]{minimal}
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                \begin{document}$${K} ^0_{\mathrm { \scriptscriptstyle S}}$$\end{document}$ decays. A muon is only selected at the hardware stage when it is detected in all muon stations and a rough momentum estimation is provided. Trigger requirements at this stage imply a momentum larger than about $\documentclass[12pt]{minimal}
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                \begin{document}$$5\,{\mathrm {\,GeV\!/}c} $$\end{document}$, and a $\documentclass[12pt]{minimal}
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                \begin{document}$$1.76\,{\mathrm {\,GeV\!/}c} $$\end{document}$. These thresholds have an efficiency of order $\documentclass[12pt]{minimal}
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                \begin{document}$${{K} ^0_{\mathrm { \scriptscriptstyle S}}} \rightarrow \mu ^+\mu ^-$$\end{document}$ decays.

In the first step of the software trigger, all charged particles with $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$p_{\mathrm { T}} >500\,{\mathrm {\,MeV\!/}c} $$\end{document}$ are reconstructed. At this stage most signal decays are triggered either by requiring a reconstructed track loosely identified as a muon \[[@CR10], [@CR11]\], with $\documentclass[12pt]{minimal}
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                \begin{document}$$\text {IP}>0.1\,\mathrm { \,mm} $$\end{document}$ and $\documentclass[12pt]{minimal}
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                \begin{document}$$p_{\mathrm { T}} >1.0\,{\mathrm {\,GeV\!/}c} $$\end{document}$, or by finding two oppositely charged muon candidates forming a detached secondary vertex (SV). Since these two categories, hereafter referred to as TOS$\documentclass[12pt]{minimal}
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                \begin{document}$$_{\mu \mu }$$\end{document}$, induce different kinematic biases on the signal and background candidates, the analysis steps described below are performed independently on each category. The two categories are made mutually exclusive by applying the TOS$\documentclass[12pt]{minimal}
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                \begin{document}$$_{\mu \mu }$$\end{document}$ selection only to candidates not already selected by TOS$\documentclass[12pt]{minimal}
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                \begin{document}$$_{\mu }$$\end{document}$.

In the second software trigger stage, an offline-quality event reconstruction is performed. Signal candidates are selected requiring a dimuon with $\documentclass[12pt]{minimal}
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                \begin{document}$$p_{\mathrm { T}} >600\,{\mathrm {\,MeV\!/}c} $$\end{document}$ detached from the primary vertex, with both tracks having $\documentclass[12pt]{minimal}
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                \begin{document}$$p_{\mathrm { T}} >300\,{\mathrm {\,MeV\!/}c} $$\end{document}$. In the 2011 data taking, the dimuon mass was required to be larger than $\documentclass[12pt]{minimal}
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                \begin{document}$$1\,{\mathrm {\,GeV\!/}c^2} $$\end{document}$ in the second software trigger stage. This excluded the $\documentclass[12pt]{minimal}
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                \begin{document}$${K} ^0_{\mathrm { \scriptscriptstyle S}}$$\end{document}$ region, making the use of TIS candidates necessary. Due to the trigger reoptimisation, no mass requirements were applied during 2012 and a lower $\documentclass[12pt]{minimal}
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                \begin{document}$$p_{\mathrm { T}}$$\end{document}$ threshold for reconstructed tracks was used. According to simulation, these changes improve the trigger efficiency over the previous analysis \[[@CR6]\] by about a factor 2.5.

Due to its large and well-known branching fraction and its similar topology, the $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${{K} ^0_{\mathrm { \scriptscriptstyle S}}} \rightarrow \pi ^+\pi ^-$$\end{document}$ decay is taken as the normalisation mode. A large sample of candidates is obtained from an unbiased trigger, which does not apply any selection requirement.

Despite the low trigger efficiency, the study detailed in this paper profits from the unprecedented number of $\documentclass[12pt]{minimal}
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                \begin{document}$${K} ^0_{\mathrm { \scriptscriptstyle S}}$$\end{document}$ produced at the LHC, $\documentclass[12pt]{minimal}
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                \begin{document}$$\text{ fb }^{-1}$$\end{document}$ of integrated luminosity within the LHCb acceptance, and from the fact that about $\documentclass[12pt]{minimal}
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                \begin{document}$${K} ^0_{\mathrm { \scriptscriptstyle S}}$$\end{document}$ decays occur inside the VELO region. For such decays, the $\documentclass[12pt]{minimal}
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                \begin{document}$${K} ^0_{\mathrm { \scriptscriptstyle S}}$$\end{document}$ invariant mass is reconstructed with a resolution of about $\documentclass[12pt]{minimal}
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                \begin{document}$$4\,{\mathrm {\,MeV\!/}c^2} $$\end{document}$.

The analysis makes use of large samples of simulated collisions containing a signal decay, or background decays which can be reconstructed as the signal, and contaminate the $\documentclass[12pt]{minimal}
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                \begin{document}$${{K} ^0_{\mathrm { \scriptscriptstyle S}}} \rightarrow \pi ^+\mu ^-\bar{\nu }_\mu $$\end{document}$.[1](#Fn1){ref-type="fn"} In the simulation, *pp* collisions are generated using [Pythia]{.smallcaps}  \[[@CR12], [@CR13]\] with a specific LHCb configuration \[[@CR14]\]. Decays of hadronic particles are described by [EvtGen]{.smallcaps}  \[[@CR15]\], in which final-state radiation is generated using [Photos]{.smallcaps}  \[[@CR16]\]. The interaction of the generated particles with the detector, and its response, are implemented using the [Geant4]{.smallcaps} toolkit \[[@CR17], [@CR18]\] as described in Ref. \[[@CR19]\].

Selection and search strategy {#Sec3}
=============================

Common offline preselection criteria are applied to $\documentclass[12pt]{minimal}
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Backgrounds {#Sec4}
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Search sensitivity {#Sec5}
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Systematic uncertainties {#Sec6}
========================

Several systematic effects, summarised in Table [2](#Tab2){ref-type="table"}, contribute to the uncertainty on the normalisation factors. Tracking efficiencies are not perfectly reproduced in simulated events. Corrections based on a $\documentclass[12pt]{minimal}
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The distributions of all variables relevant to the selection are compared in data and simulation for $\documentclass[12pt]{minimal}
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A specific cross-check is performed to validate the efficiencies predicted by the simulation for the $\documentclass[12pt]{minimal}
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The uncertainty due to the simulation of TOS selections in the first two trigger stages is assessed by comparing the trigger efficiency in simulation and data, using a control sample of $\documentclass[12pt]{minimal}
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Results {#Sec7}
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The inclusion of charge-conjugate processes is implied throughout.
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